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PREFACE

The following contract report is one of several products resulting from
research and studies into energetics which were sponsored over the past
three years by the U.S. Army Corps of Engineers, Institute for Water
Resourcesl. The report presents the results of research conducted by
Bayley, et. al, Engineering and Industrial Experiment Station, University
of Florida, in Gainesville. The objective of this research was to com-
pare economic and energetic approaches for evaluating transportation
systems. In addition to discussing general energy theory, methods for
calculating the energy value of goods and services, and energy flows
associated with natural systems, the report compares energy benefit-cost
analysis as applied to alternative modes for the transportation of bulk
commodities. The direct and indirect energy costs of transporting coal,
or its energy equivalent, are evaluated with energy costs per ton-mile
and energy yield ratios (i.e., units of energy transported per unit of
energy cost) compared for barge, slurry pipeline, railroad, and electric
transmission line systems.

AYAIL wad/or

lother research products consist of: (1) a contractor's draft research
report entitled, "A Comparison of Energetics and Economic Benefit-Cost
Analysis for the Upper St. Johns River,' Bayley, et. al, June 1976, and
(2) A summary report entitled "Energetics: Systems Analysis with Appli-
cation to Water Resources Planning and Decision-Making," Caldwell D.
Meyers, December 1977. The latter report, also prepared under contract,
reviews the scientific concepts underlining energetics and evaluates
their potential application in water resource planning and decision-making.
It is available as IWR Contract Report No. 77-6.
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SUMMARY

This report presents a comparison of economic and energetic approaches
for evaluating transportation systems. Many of the basic energetic
concepts presented in section II-A were developed by Dr. Howard T.
Odum at the University of Florida and further developed for transport
systems in this report. In the Introduction, section I, a general
discussion of economics and energetics is presented to point out
similarities, differences, advantages, and disadvantages of the two
approaches. The discussion of general energy theory, section II-A,
discusses the laws of energetics, the method of comparing different
types of energy flow through the concept of energy quality, and the
relationship between energy and economic value. Methods for cal-
culating the energy value of goods and services, the role of energy
flows of natural systems in a regional or transportation system,

and spatial energy theory for determining the competitiveness of
different fuel source locations are also presented. In particular,
economic benefit-cost analysis as applied to transportation systems
by the Corps of Engineers is compared to a comparable energy benefit
cost analysis.

In order to illustrate the methodology of energetics, several
transportation systems were analyzed in order to calculate the
energy cost of each. Both direct fuel energies for operation,
indirect energy requirements for goods and services, and energy
flows associated with natural systems were considered. Some attempt
was made to measure the disruption of natural systems by an existing
or planned transport system. Since this report was not directed
towards a particular problem or project, natural system disruption
was only considered in a general way with ecological models presented
for proposed research. Approximate analyses were made for barge
transportation, railroad transportation, slurry pipelines, and
electrical transmission lines. In particular, the direct and
indirect energy costs of transporting coal were evaluated. Energy
costs per ton-mile and energy yield ratios (energy transported +
energy costs) are presented. Several analyses of the direct and
indirect energies associated with building barges, towboats, and
locks and dams are also presented.

In order to show how energetics might be used at a regional scale
of evaluation, the problem of coal development and transportation
in the Northern Great Plains is presented in section V. Model
development, mathematical analysis, computer simulation, and
energy concepts are presented in this analysis for the purpose of
illustrating energy systems modeling at a regional scale. However,
this analysis is primitive and is presented only to show the basic

ix




type of approach. The results are not considered final nor is the
model considered adequate enough to define the role of transportation
in a region. The methodology and energy concepts presented in

this report could serve as a framework for conducting a detailed
analysis of fossil fuel resource locations and associated trans-—
portation links for establishing a national energy plan.

s -




CHAPTER I
INTRODUCTION

The purpose of this report was to develop a methodology based on the
application of energetic concepts, principles, and system techniques
to the problem of evaluating transportation systems. Energetic
evaluation and svstem formulation as used here refers to much of the
work of Howard T. Odum (1971, 1976) at the University of Florida and
other investigators who have used energy formulations and concepts

for characterizing the systems of both man and nature. These concepts
can be extended to benefit/cost analysis where benefits and costs can
be expressed in units of energy flow. Environmental destruction can
then be included as an energy cost by evaluating the natural productivity
lost. An energy benefit/cost analysis as an alternative to economic
cost/benefit analysis is discussed in section II-B. Thus, the use of
the word energy in this report does not only refer to fossil fuels or
electricity.

In general, there are three aspects of transportation systems which
should be evaluated. First, there are the indirect environmental and
energy costs associated with goods required for capital investment,
replacement, and operation. Second, there are the direct fuel and
labor costs for operation of the system and the direct natural energy
losses due to construction and operation of the system. Third, there
are the induced effects caused by a transportation system in a given
region (e.g., a highway resulting in residential growth). In order

to show how these effects can be evaluated with energetic methodology,
the transport of coal by barges, railroads, and pipelines were studied.
In addition, the conversion of coal to electricity and its transmission
over high voltage lines were also considered. Wherever data permitted,
the indirect and direct energy costs of these systems were evaluated.
Attempts were also made to evaluate natural system costs, but this

was difficult due to the general nature of this report and the scarcity
of ecological field work. Because of the lack of energy accounting
data, energy flows are approximated in many instances from a dollar
flow and a corresponding energy/dollar ratio. If society kept account
of energy as it does money this approximation would not be necessary.

In order to illustrate how energetic-ecological modelling can be used
to show the role of transportation at a regional level, a model of the
interaction between coal development, transportation systems, and
regional development for the Northern Great Plains is presented in
section IV. This model is intended as an example to show model
development, simulation, and energetic principles. A much more
detailed approach including data accumulation is needed to accurately
model this region.

e ——— g v o — —~——————- e e e e e e e e e e e M
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Planning Process

The planning process used by the Corps of Engineers is a complex
iterative process consisting of economic and environmental inventories,
identification of needs, statement of planning objectives,

development and testing of alternatives which meet objectives,
benefit/cost analysis techniques, environmental quality considerations,
and measures of social well-being. An attempt is made to optimize the
overall objectives, and part of this for transportation planning is

to maximize the net economic benefits associated with a given project.
An energetics approach would also consider objectives, needs, and
testing of alternatives but would try to assign energetic value to

the natural and human systems affected by a given project. A project
objective might be to pick that project which maximized the total
energy flow (including fossil fuel and natural). In particular, the
net energy benefits could be calculated by comparing a system to its
next cheapest alternative in terms of energy cost (both indirect and
direct fossil fuels and natural energy losses) and calculating the
energy savings. This energy could then be used for the creation of
economic value somewhere else in the economy. This process is explained
more fully in section II-B.

General Discussion of Economic, Ecologic and Energetic Concepts

Many of the concepts of energetics as presented in this report developed
out of the study of ecosystems (Odum, 1971). Concepts and principles
which described the behavior, functioning, and organization of natural
systems emerged from this work and have been used as a guide for the
understanding of human systems and the interconnection of human systems
and natural ecosystems. For example, the recognition that energy is
the main driving force of natural systems and that ecosystems tend to
adapt to external energy sources in order to maximize their total

power flow led to the conception of human society as strictly dependent
on, and adapting to, sources of natural energies and fossil fuels
(Odum, 1973). The economic notion of maximizing the production of
goods and the creation of demand seem to be related to the notion of
maximizing energy flows. Economics had traditionally ignored the
externalities which manifest themselves in the disruption of natural
systems although there are attempts now to place economic value on
natural systems (Krutilla and Fisher, 1975). However, these valuations
usually deal only with the recreational benefit, i.e., the demand for
the enjoyment of this resource. Energetics, on the other hand, places
a value on the total work (from energy flows) that a natural system is
performing. This attempt to evaluate the total contribution of natural
systems is not limited to the price that man is willing to pay for a
natural resource at a given time; it is a holistic approach in that it
tries to evaluate the total contribution to the combined system of man
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and nature. The recognition that natural systems perform useful work
allows evaluations of natural energy contributions to the system of man.
This natural energy flow is in addition to the energy flow derived from
fossil fuels. By using energy as a common denominator, one can evaluate,
compare, and perhaps predict the work contributions of both natural
ecosystems and man-dominated systems.

Economics is a field which has had 200 years of development while
energetics as applied to the understanding of human systems is perhaps
less than a decade old. Economics is concerned with the production and
distribution of goods among people and has developed intricate methods
for assessing the forces of supply and demand. Economics as a discipline
does not usually deal with such concepts as energy as the ultimate
limiting factor, biological and ecosystem degradation due to growth, and
considerations of the carrying capacity of a region or the world.

However, there are similar outlooks between the two fields. The

phenomena of inflation can be looked at from ..q1 energetics point of view
by considering the ratio of GNP to the energy consumed (Kylstra, 1974).

If the money supply relative to the total energy consumption (work done)
increases, then this will be a factor in creating inflation. This is
similar to the monetarist's view of inflation. The notion in economics
that net national product (NNP) = (GNP - depreciation) is similar to
ecological theory that net primary production = (gross primary production
- respiration). The law of diminishing marginal physical returns, which
says that as the amount of a variable input is increased, a point is
reached beyond which marginal product declines, is similar to the limiting
factor concept in ecology, e.g., the application of more and more phos-
phorus on a plant does not result in more and more growth. The prediction
of the consumption function or demand in economics is related to the
amount of disposable income. Similarly, energetics could predict

demand by predicting energy available to consumers since this is a
measure of their income (Hannon, 1975). It is also of interest to note
that many of the formulations of Keynesian economics are in terms of
stocks and flows, similar to the model formulations presented in this
report (Samuelson, 1973; Wonnacott, 1974).

The notion of value is a topic which has long plagued philosophers. In
economics it develops out of a pragmatic sense of what is available
(supply) and what is desired (demand). An economist would assign more
value to those things for which people are willing to pay more.

Economics as we know it has developed in an era of abundant and available
supplies of material and energy resources with a consequent development
of accelerated growth and values attuned to a growth system. What will
happen when fossil fuels become limiting? Since industrialized society
is so intimately dependent in innumerable ways on energy, energy as a
limiting factor will be of critical importance. In fact, all energy

e ——n R A B T 5 e e e e 4 e ow—
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flows connected with a good may serve as an indication of the value of
that good, just as the total economic cost of making a particular
material is used to represent the value of that material. Using energy
as the measurement of value we can determine the total energy costs of
our various capital goods, their maintenance, and the proposed rate

of growth of our society. This has broad policy implications since
energy is one of our most critical limiting resources.

A concept widely used in ecology which may have application to economics
is the theory of ecosystem development. Some ecosystem studies have
shown that natural systems pass a succession from a early, high growth
phase to a mature, climax net growth phase (E.P. Odum, 1971). An
example of this is an old field filled with various weeds which grows
gradually into a dense forest over a period of 50-100 years. The old
field and early forest stages have very rapid growth rates with high
yields while the older forest has a lower net growth and very low yields.
This last stage is called a mature or climax stage. If it can be
determined that human systems follow a similar development, then
planning can be instituted for an anticipated climax or slower growth
phase of society. A summary of some of the approaches of energetics and
economics is contained in Table 1.

Whether energy is in short supply or not, it is of interest to minimize
the energy costs of transportation in order to free energy for the
production of other useful work and economic value. The energy costs of
transportation include direct fuel for operation and indirect costs
associated with goods, labor, and natural systems (see section II-A).
Economic or dollar flows may not reflect the true costs of transportation
because of market imperfections, regulation, monopoly control, and
exclusion of environmental costs. This report outlines a methodology

for assessing direct and indirect energy costs with several cases of
transportation analyzed as examples. Unfortunately, in many cases energy
costs must be calculated from dollar flows and corresponding energy to
dollar ratios. More extensive funds and research would allow tracking

of actual energy flows throughout the economy.
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CHAPTER II
DESCRIPTION OF APPROACHES

A. General Energy Theory

Energy Language

Many of the concepts presented in this reprot are illustrated with the
use of a symbolic language developed by H.T. Odum (1971), the symbols of
which are shown in Fig. 1. This symbolic language (and others) is an
excellent way for organizing a system study, identifying major components
and flows, and stimulating questions for further consideration. A
systems diagram can be translated into mathematical equations since a
differential equation can be written for each storage which stipulates
that the time rate of change of a storage is equal to its inputs minus
its outputs. Some simple examples to illustrate the language are
presented in the following paragraphs and in Fig. 2.

Consider Fig. 1 for the moment. This language is useful for problems
which are amenable to formulation in terms of flows and storages. Most
of the symbols are explained in the legend, but the self~maintaining
module (Fig. lg) and plant population (Fig. l1h) need further explanation.
Each of these will contain an assortment of storages, flows, and
interaction symbols to represent the various processes that may be
occuring in the plant or in the self-maintaining system. These symbols
are shorthand representations of these more complicated systems.

Fig. 2 gives some simple examples of how differential equations are

derived from the symbolic diagram. In Fig. 2a the storage Q is feeding
back a flow, K,IQ, to capture energy from the source I while a depreciation,
K4Q, is draining the storage. The rate of change of the storage is equal

to inputs minus outputs. Fig. 2d shows a digital function in the form of

a switch which senses the value of Q2. If Qp is above a certain threshold
value the switch closes and the flow KiI; occurs. Otherwise, the switch
opens and no flow occurs. An example of equations derived from a realistic
model and simulation procedures is given in section IV.

Laws of Energetics

The first and second laws of thermodynamics are well known from physics
and are useful for understanding the flows of energy in human societies
and natural ecosystems. The first law dictates that energy cannot be
created or destroyed but can only be transformed from one form to another.
The second law requires that any energy flowing in a process must have
part of its energy degraded to a lower quality, the disorder of the
environment increasing in the process. In other words, for a system
without an external energy source, the energy of that system available

to perform work will decrease with every process. (Work means energy
directed towards system survival).




D ——

Figure 1. The Symbols of the Energy Circuit Language Used in This Report
(0dum, 1971, 1972).

a. Outside source of energy supply to the system controlled from out-
side; a forcing function (E).

b. Constant flow source from outside:
3. - = = .
2 szOX/(kr+k1X), Jr erO’ Jl k1XJO
c. A pathway whose flow is proportional to the quantity in the storage
or source upstream (J = kjE). The heat sink represents the energy
losses associated with friction and backforces along pathways of
energy flow.

d. Storage of some quantity in the system. The rate of change equals
inflows minus outflows (Q = J-kQ).

e. Interaction of two flows to produce an outflow which is some func-
tion of these flows; usually a multiplicative output, i.e.,
f(X,Y) = kXY.

f. Transactor symbol for which money flows in one direction and energy
or matter in the other direction with price (P) adjusting one flow
(Jl) in proportion to the other, JZ(J1 = PJ2)°

g. A combination of "active storage" and a "multiplier" by which
potential energy stored in one or more sites in a subsystem is fed
back to do work on the successful processing and work of that unit;
autocatalytic.

h. Production and regeneration module (P-R) formed by combining a
cycling receptor module, a self-maintaining module which it feeds,
and a feedback loop which controls the inflow process by multipli-
cative and limiting actions, e.g., the green plant.

i. Sensor of the magnitude of flow, J.

j. Switch S controlled by external variable, I. When I reaches thres-
hold value, It’ switch closes and flow J occurs. If I<IT, J = 0.

k. Constant gain amplifier which amplifies a flow J to gJ by interaction
with an external energy source, I.

1. Sensor of storage with drain from storage. The output of the multi-
plier is a function of I and Q but without flow from storage.

m. Same as symbol in (1). No flow from storage is indicated by putting
no arrow on connection to amplifier.

7
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Figure 2. Examples Illustrating the Interconnection of the Energy
Language Symbols of Fig. 1. Associated differential
equations are found by setting the rate of change of a
storage equal to its inputs minus its outputs.

a. Storage with linear inflows and outflows.
b. Sensor of storage, Q; there is no flow associated with a sensor.
c. Two interconnected storages.

d. Two storages with switch controlling K inflow into storage Ql'

lIl
e. Diagram illustrating money transactor. The flow of goods or
energy is equal to the money flow multiplied by the price.

10
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A third energy principle which is less well known but may prove to be
of value for understanding general systems was first stated by Lotka
(1922) and further developed by Odum (1971, 1973). This principle
combines natural selection with energetics and general system thinking.
This maximum power principle states that '"systems that survive in the
competition among alternative choices are those that develop more
energy inflows and use them best to meet the needs of survival".

The first part of this is intuitively obvious, that a system that
develops as many energy sources as possible will have a better chance
of survival. A human system that uses fossil fuels, solar energy,
nuclear energy, and as many others as possible is better prepared for
fluctuations and limitations of any one of its sources. Natural energies
such as those of the sun, winds, tides, etc. contribute to the natural
ecosystems and are free energy sources for man's systems, i.e., we do
not pay for the air we breathe, etc. Important for man's system is the
total energy, both fossil fuels and other energy derived through man's
efforts and those that are provided free from nature. Reductions or
decreases in any energy source (both natural or man-derived) decreases
the total energy available to the system.

The second part of the principle deals with strategies that that the system
can do internally to increase its competitive advantage. During periods
when external energies are abundant, the system develops very different
strategies than during periods of energy limitations. During periods

of energy expansion, the system that can capture the most energy is the

one that is most likely to survive (just as the dominant business during

an expanding economic period is the one that can take over a rival's
business). But during periods of energy limitation, the system with

the least waste, with efficient, wise, and effective use of its limited
resources will have a better strategy for competition.

Energy Quality

Investigations of ecosystems and human systems along with consideration
of Lotka's principle leads to the concept that energy is upgraded and
stored to accelerate the capture of additional energy. An energy which
is upgraded can be said to have a higher quality, i.e., its ability to
do work is greater. This concept of quality can also be thought of as
energy concentration, i.e., concentrated energy is able to do more work
than dilute energy. A kcal of sunlight can do less work than a kcal of
fossil fuel. Consider Fig. 3a which depicts the main energy flows
associated with an energy transforming system. There is an input flow
of energy, I, which is transformed and upgraded into an output energy, O,
with the aid of an auxiliary source of energy, F. The energy quality
factor is defined as the ratio of the inputs to the output energy:

Energy Quality Factor = I_;_E_

12




Figure 3. Definition and Examples of Energy Quality (see Odum, 1976)

a.

b.

Definition of energy quality factor, energy yield ratio, and.
net energy.

Energy flows associated with electrical energy generaction and
calculation of quality factor for electricity.

Foodchain exhibiting increasing concentration of energy.

13
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For example, Fig. 3b shows the upgrading of coal to electricity in a
power plant. The auxiliary flow of energy, F, is the energy associated
with the goods and services necessary for a power plant. The energy
quality factor is the number of calories of input energy which is
equivalent to 1 calorie of output energy. Theoretically, 3.7 heat
calories of coal can do the work of 1 heat calorie of electricity or
0.27 (1/3.7) heat calories of electricity can do the same work as 1
heat calorie of coal. If there is no auxiliary source, F, then the
energy quality factor is simply the input divided by the output, I/O.
The green plant is an example for which sunlight is converted to sugar,
for which the ratio of input to output energy is approximately 100.

In natural ecosystems, a food chain develops which concentrates energy
from sunlight up to the top carnivores. The chain and upgrading of energy
which exists in human systems is depicted in Fig. 3c with approximate
magnitudes of energy flow (Odum, 1976). Fig. 3c illustrates that 2,000
heat calories of sunlight, 20 heat calories of sugar in plants, 2 heat
calories of wood and 0.27 heat calories of electricity are equivalent to
1 heat calorie of coal. In theory, if energy concentration factors
could be developed for all types of energy, then energies of different
concentrations could be compared on an equal basis as to their ability
to do work. Tentative energy concentration factors for several types

of energy are listed in Table 2. Dividing a given type of energy flow
by this factor will give the energy value in units of fossil fuel coal
equivalents (FFCE). For example, 1 kcal (BTU) of sunlight is equivalent
to 1/2,000 kcal (BTU) of fossil fuel (coal). Unless otherwise specified
a unit of energy (either kcal or BTU) will be in units of coal energy
(FFCE = fossil fuel coal equivalent) and will be used in this way
throughout the text. If the heat value of a given energy flow is
referred to, it will usually be called a heat calorie.

Energy Basis for the System of Man

Based on the observation that all systems are driven by external energy
sources, Fig, 4 is a simple diagram showing the relation of money flow
to energy flow with the system driven by external sources of solar energy
and fossil fuels. Primitive and agricultural societies were driven
primarily by solar energy flows. Since the 19th century the flow of
fossil fuels has increased dramatically. In this conception of the
system of man, it is energy that generates value with money flowing in
a countercurrent direction. Much of the work of the natural systems
generated by solar energy is not paid for with dollars by man. In
essence, this is a free subsidy. If the total solar energy falling on
the U.S., per year is divided by 2,000 to find its equivalent fossil
fuel work and this is added to the fossil fuel consumption in a year,
the result is the total work provided to the system of man. Dividing
this by the GNP gives an average energy/dollar ratio for the economy in

15
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Table 2

Energy Quality Factors Showing Estimates of Energy Required for Trans-
forming Energy of Different Qualities to that of Coal under Competing
Cicumstances

Number of Units of Energy Equiva-

Type of Energy ent to one Energy Unit of Coald
Solar Energy in Photons 2,000

Photosynthetic Products 20

Wood 2

Geothermal Steam 1.6

Coal already mined 1 (by definiticn)b
Tidal Energy, 20 ft tide 0.6

Elevated Water 0.62

Electricity 0.27

3The numbers in this column are the number of calories (BTU's) of the
given type of energy which are equivalent to 1 calorie (BTU) of coal.
Energy Quality Facotrs are preliminary and subject to reajustments.
See Odum et al. (1976), Odum (1974), Kemp (1974), Young et al. (1974),
Costanza (1975), and Boynton (1975).

bA unit of coal energy is referred to in the text as a fossil fuel work
equivalent or coal equivalent (FFWE, FFCE, FFE or CE).
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Figure 4. Simplified Diagram of the U.S. Economy Showing Main Flows

of Natural Energies and Fossil Fuel Energies into the U.S.
Economy and Associated Cycle of Money Flow (see Table 3
and Odum, 1973).
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a given year. This ratio is the amount of energy necessary to generate
one dollar of economic value. Kylstra (1974) has calculated these

ratios from 1947-72 (see Table 3). The ratio of (Fossil Fuels +

Natural) /GNP in current dollars was approximately 18,700 kcal/$ for

1974. Different sectors of the economy will have different energy/dollar
ratios. For example, steel or cement industries will have a high
energy/dollar ratio whereas a service sector will have a much lower
ratio.

It is interesting to note that the total energy/dollar ratio has been
decreasing, i.e., one dollar does less work. This can be thought of
as the cause of inflation, i.e., the ratio of dollars to energy is
increasing. In fact. R. Walker (1976) and T. Ballentine (1976) have
shown that the rate of increase of the ratio of GNP/(Fossil Fuel +
Natural) is exactly the same as the rate of inflation in the periods
1965-70 and 1970-72. This is not true for the ratio which just considers
fossil fuels, i.e., GNP/(Fossil Fuel). This result may give credence
to the theory that the natural energies are performing free work for
man and that the energy concentration of solar energy is 2,000 times
less than fossil fuel. Predictions of GNP and inflation might be
reduced to predictions of total energy flow.

All the energy flows of man and nature can be compared by reducing them
to equivalent units of energy with the concept of energy quality. 1In
the developing field of energetics these quality conversions must be
more precisely quantified. But even with the current conversions the
money flows of human systems can be assigned an energy value through an
appropriate energy/dollar ratio. With these theories all the work
contributions of man and nature can be compared on an equal basis.

Energy Value of Goods and Services

1. Gecods. Direct fuel consumption by a transportation mode for operation
represents one type of good. A measure of this energy is the energy value
of the fuel. The energy value of capital structure is more difficult to
determine. Theoretically, all of the energy flows in the economy
associated with the industry producing the capital structure should be
determined. This includes all the flows of energy from the raw materials
to the creation of the product. Each material should be traced back to
its source. Similarly, every energy flow associated with material flows
should be traced back to the fuel source. There are two ways that one
might determine the energy required to create capital structure. The
first of these, process analysis, determines the quantity of materials
that went into a product (e.g., a barge). These materials are traced

back to their raw material origins. Both direct and indirect energies

at every step along a material path should be included. For example,

Fig. I-1 in Appendix I is an attempt to include all energy pathways
required for the construction of a barge. A sum of the energies for all

18
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Table 3

Ratio of Energy Flows in U.S. Society to GNP
(Adopted from Kylstra, 1974)

Fossil Fossil Fossil
Fossil Fuels Plus Fuel Plus Fuel Plus

15Fuels 1Igatural Natural Natural

Year 10 KCFFCE/yr 10 KCFFCE/yr* GNP** per GNP per GNP

: 3 #%% 10° BTU(FFCE)/$
(JF) (JF+JN) 107$ 10 KCFFCE/$ 1

1947 8.28 15.02 23%1.3 64.9 257 .7
1948 8.57 15.31 257.6 59.4 235.8
1949 7.96 14.70 256.5 57.3 227..5
1950 8.60 15.34 284.8 53.9 214.0
1951 9.30 16.04 328.4 48.8 193.7
1952 9.22 15.96 345.5 46.2 183.4
1953 9.50 16.24 364.6 44.5 176.7
1954 9.16 15.9 364.8 43.6 173.1
1955 10.07 16.81 398.0 42.2 167.5
1956 10.58 17.32 419.2 41.3 164.0
1957 10.56 17.30 441.1 39.2 155.6
1958 10.46 17.20 e/ ) 38.4 152.4
1959 10.94 17.68 483.7 36.6 145.3
1960 11.33 18.07 503.7 35.9 142.5
1961 11.52 18.26 520.1 351 139.3
1962 12.06 18.80 560.3 33.6 133.4
1963 12.51 19.25 590.5 32.6 129.4
1964 12.98 19.72 632.4 31.2 123.9
1965 13.60 20.34 684.9 29.7 117.9
1966 14.40 21.14 749.9 28.2 112.0
1967 14.68 21.42 793.9 27.0 107.2
1968 15.56 22.30 864.2 25.8 102.4
1969 16.37 235151 930.3 24.8 98.5
1970 16.94 23.68 976.4 24.3 96.5
1971 27433 24.07 1050.4 22.9 90.9
1972 18.17 24.91 1151.8 21.6 85.8
1973 19.08 25.82 1289.1 20.0 79.4
1974 19.4 26.14 1397.4 18.7 74.2

*Solar energy contribution to the U.S. is

yr.

estimated at 6.74 x 107 "KC
This was obtained by taking the sunlight falling on the U.S.

15

FFCE

land area and dividing by 2,000 to obtain fossil fuel work equivalents.

**GNP is expressed in current dollars.

***FFCE is a unit of coal energy (kcal or BTU).
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pathways gives the total energy for constructing a barge. The inclusion
of the energy of labor is discussed on p. 22. The method described
above, if carried through in detail, would result in accurate energy
values and avoid estimation from economic information with the use of
energy to dollar conversion factors. Thus, each component of a system
could have an energy value assigned to it.

A second method consists of determining detailed energy to dollar
ratios for sectors of the economy allowing calculation of energy flows
from economic flows. Herendeen and Bullard (1974) have used input-
output sectors in the economy. If a dollar value of goods from a given
sector in the economy is known, then all fossil fuel energies required
for the creation of that product can be approximated by multiplying the
dollar value by the appropriate energy to dollar ratio. This energy
consists of energy directly used in the given sector plus indirect
energies used in other sectors which are connected to the economic
sector under consideration. This analysis is a valiant attempt to
determine the direct and indirect fossil fuel energies necessary to
produce a dollar value of goods for different sectors. However, this
analysis does not include the free natural energies contributing to the
economy of man. We include this in our analysis as follows: an
approximate natural energy/dollar ratio in a given year that should be
added to the fossil fuel/dollar ratio is 6.74 x 1015 kcal divided by the
GNP for that year (see Table 3). The energy of labor is not included in
this I-0 analysis and the energy/dollar ratios are calculated for

1963 and 1967 although approximations were made for other years.
Knowing the energy/dollar ratios for 1967, the ratios in future years
can be approximated by the following formula:

Ej (y) = Ej(1967) E(Y)/GNP(X) x Price Index; (1967)
E(1967)/GNP(1967) Price Index; (y)
where:

E,(y) = energy/dollar ratio for a given I-0O sector j in year y
Tﬂis energy includes only fossil fuel.

E(y) = fossil fuel energy consumption in year y for entire economy
GNP(y) = gross national product in constant dollars for year y
Price Indexj(y) = price index for given sector in year y

Variables with 1967 in parenthesis refer to values in year 1967,

The above equation accounts for changes in the average energy to dollar
ratio for the entire economy with the ratio:

20
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E(y) /GNP (y)
E(1967) /GNP (1967)

The effect of greater dollar flow due to inflation in a particular
sector is accounted for by the ratio of the price indexes for that
sector as given by

Price Indexj(1967)

Price Indexj(y)

As outlined above, using energy/dollar ratios for individual economic
sectors is a refinement compared to just using the average ratio for the
economy as listed in Table 3. Values from sector to sector can differ
by an order of magnitude. Wherever possible, individual sector values
have been used for calculations in this report. It should be remembered
that E;: represents a fossil fuel energy to dollar ratio. As alluded to
above, the natural energy to dollar ratio for a given year should be
added to this. 1In reality a combination of tracing back of the material
flows and the use of energy to dollar ratios will probably be necessary
in trying to establish energy values for transport capital structures
(see Appendices). ;

The use of economic flows to calculate energy flows means that the
economic system is used as an indicator of energy value. However, since
energy/dollar ratios vary significantly betweenI-O sectors, a dollar's
energy value differs depending on its position in the economy. A pure
energy approach would attempt to elaborate pure energy flows throughout
the economy. Unfortunately, this data is not now readily available so
that dollar flows are still necessary for making energetic calculationms.

If the total existing stock of capital structure in energy units of a
system is desired then the energy invested in any given year must be
calculated and then depreciated to the present. This can be expressed as
follows: .

N
Total Capital Structure = :E; D, Ry (l-d)N
i-o

capital dollar flow invested in the ith year
h

where Di

Ry energy/dollar ratio in the it year in current dollars

d

depreciation rate

N number of the years to consider before present time
i=0 = the present year

21




2. Labor. Since labor is a major requirement for many systems of man,
the energy value of labor needs to be considered. The energy requirement
of labor can be thought of as the energy the workers require to purchase
goods and services to maintain their standard of living. Presumably, this
standard of living is necessary for the workers to function in a complex
society. Higher wage demands above and beyond the effects of inflation
will result in greater energy consumption in the larger economy to provide
for this greater demand. The energy requirement of labor in this sense

is broader than just the metabolic or chemical energy of the laborer.

The question arises as to how to include the energy cost of labor into

an energy analvsis. It seems that the answer to this question depends

on the problem under study. In general, only the direct labor required
for a given process should be included as an energy cost. For example,

if the energy cost of the construction of a barge is to be determined,

the labor directly involved in the barge construction should be included
but not the labor involved in other industries such as steel, electrical,
etc. connected with the barge. This is because the energy cost of labor
in the other sectors has been included in the total cost of those goods.
The energy cost of labor is included in the final step so that alternative
transport systems may be compared with the inclusion of labor. Labor is

a significant cost in many operations and can vary in the different
systems. Generally the energy cost of labor is included in the wage of
the laborer converted to an energy basis. In this way an energy comparison
between two transport systems can be made with direct labor included as

an energy cost.

Investment Ratio and Economic Competitiveness

An approach which attempts to combine the energy flows of the systems of
man and nature with the concept of economic competitiveness has been
proposed by H.T. Odum et al. (1975, 1976). Although this approach

is not used in this report, an explanation is provided in order tc show
the various developments of energy theory. Consider Fig. 5 which
illustrates the concept in its simplest and most basic form. The
rectangle in the diagram represents any system (e.g., a particular region
of the U.S.) with a flow of natural energies (JO) and a flow of fossil fuel
energies in the form of fuels, goods, and services (J3). The flow, Jj,
represents exports produced from the inflow energies, Jo+Jp, which
generate an income, J3, to be used for additional purchases of fossil

fuel investment. All energy flows are expressed in units of equivalent
energy quality. If the ratio of purchased energies, Jj, to free natural
energies, Jg, is low compared to a competing system, then the system with
the lower ratio should be able to sell at a lower price and compete better
because of its greater free energy subsidy, Jgy. The ratio of purchased
energies to free natural energies with energies expressed in equivalent
units of energy, J2/J0, is called the investment ratio.
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Figure 5.
Fossil Fuel Energies, and Prices.

Diagram Illustrating the Relationship of Natural Energies,

a. Definition of investment ratio for a region.

b. Relationship of natural energy subsidies and prices for a trans-

portation system.
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This ratio of purchased fuel energy to resident natural energy in a region
is an attempt to quantify the carrying capacity of a region. The carrying
capacity refers to the amount of economic activity that a region can
sustain over a long period of time. It depends upon the purchased fuels
(and goods) of a region as well as the natural resources (natural energies)
which are found there. Wise use of both types of energies is required if
the region is to remain competitive. A natural resource base (or a healthy
natural energy flow) can attract and support industry and commerce in an
area. When such natural resources are available fewer purchased fuels are
needed in the area. For example, a region with abundant fresh water is
better able to support commerce than a region which must purchase water

or build large s..ale water projects. Those areas that must purchase or
build water projects must pay higher costs and so are at a competitive
disadvantage. Since the investment ratio requires calculation of both
natural and purchased energies it can be used as an indicator of how
competitive a region is relative to other areas. The investment ratio

is used as an indicator of the regional carrying capacity.

Certain urban areas such as Miami (Dade County) have very high investment
ratios while rural Florida counties have low ratios (11.8 vs. 1.0). The
United States as a whole has a ratio of 2.5, that is, there are 2.5 units
of fossil fuel used for every one unit of natural energy. The investment
ratio for south Florida slightly exceeds that of the U.S. This may mean
that south Florida is approaching its carrying capacity and that its
growth is leveling and may decline. Those regions with low investment
ratios are less vulnerable to fluctuations in the price and availability
of fuels. Such regions have a competitive advantage over regions with
high investment ratios during times of limited energy and may grow at the
expense of the regions with the high ratios. Browder et al. (1976) gives
further discussion of this theory.

There are several difficulties with applying this theory in its basic

form which need to be refined. It is difficult to define the spatial
extent of a given system in order to calculate the natural energy subsidies.
It is also difficult to find two systems which are in pure competition with
each other without some pathways of mutual cooperation existing. There is
also the question of the time delay between a system reaching a threshold
value for the investment ratio and its becoming non-competitive. For
example, New York City has probably had a high investment ratio for many
years while at the same time being economically competitive. It is only

in recent years that it has begun to suffer economic difficulties such

as high debt and loss of industries to other cities. Odum et al. (1975)
suggests that during times of increasing and inexpensive energy, those
systems which have the greater investment ratio can compete better because
they have more storage and structure built with which to capture additional
energies; whereas during times of declining energies, those systems with
greater free energy subsidies can compete better




Even though the investment ratio may provide only a first approximation, it
is an attempt to determine the regional carrying capacity. Fig. 5b applies
this concept to two competing transportation systems. Each one has a flow
of natural energies, Jy, a flow of fossil fuel energies, J,, a flow of
money, J3, a price for the transportation service, Pl, and a Rrice foi the
external energies, P,. Following from Fig. 5a, the prices P{™ and P}~ can
be solved for in terms of the energy flows and external price, P2, If it
is assumed that this external price for goods and services is equal for
both systems, then the ratio of P A/Pl can be solved for in terms of the
energy flows. It can be seen from the equations in Fig. 5b that if

1A <1 (I = investment ratio = Jy/Jg), then PIA < p,B, Thus, for two
competing transport systems providing equivalent service, the system which
must charge the higher price will eventually be forced out of business.

Natural Energies and Transport Systems

Following from the above discussion, the inclusion of natural energy con-
siderations is as follows:

1. A natural energy subsidy to a transportation system should lower the
price of that particular service since this energy does not have to be paid
for with money (e.g., going downstream on a river by barge). (See
discussion of investment ratio on p. 22 and Fig. 5). It is sometimes
difficult to decide what the natural energy subsidies are for a trans-
portation system. For example, what is the natural energy subsidy for

a waterway transportation system? 1Is it kinetic energy of the water which
is a subsidy when traveling downstream or is it the potential energy of
the water in the drainage basin which is responsible for the existence and
creation of the waterway system? Several calculations of natural energy
contributions are discussed in section III-A.

2. Natural energy destrcution by a transportation system or project will
lower the work capacity of the natural systems. As explained above, the
natural systems of the world provide economically free work for the systems
of man. Determining the work lost due to a particular project entails
calculations of the energy loss (e.g., photosynthetic production) and
conversion of this energy to equivalent units of fossil fuel work. The
natural energy losses for the railroads can be partially accounted for by
calculating the destrcution of photosynthetic productivity. The effects

of barge transportation must be related to the distrubances of aquatic
productivity and river flow characteristics.

Energy Budget, Net Energy and Energy Yield Ratio

The major flows of energy in a transport system consist of fuels, capital
investment, labor, and natural energies. Different types of capital
investment would have differing energy/dollar ratios, e.g., barges as
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compared to buildings. In general, the total energy costs per year to
a system could be computed from the following formula where all energies
are expressed in kcal or BTU of coal (FFCE):

Jp = Jp + éMciRci + MLRL ot JN
i :

where Jp = total energy input

Jp = energy value of fuels

M . = money invested per year for ith component
ci . s
of capital investment
B energy/dollar ratio for ith component of

capital investment
ML = wages of labor
RL = energy/dollar ratio for labor
J. = natural energy losses from destruction of natural
system. All energies should be expressed in equivalent
units of energy, e.g., fossil fuel coal equivalents (FFCE).
All flows should be over an equivalent time, e.g., one year. Knowing the

total tons (T) shipped in that year and total distance traversed (D) allows
a calculation of the total energy/ton-mile:

or 3, = JT/TxD)

This can serve as a comparison between different systems. This ratio can
also be calculated in different years for the same system in order to
compare changes in total energy use.

The above index, j¢s of total energy/ton-mile might represent an overall
average energy cost for a transportation system irrespective of the type
of good shipped. 1In particular, if a good being shipped is a fuel with an

energy value per ton, jo, then the net energy of transport (energy
delivered minus energy required to deliver) is:

T . . "
JNET o jO = Jt(TXD) = T[Jo = JtD]

where Jypr = net energy of transport = energy delivered minus energy
required to deliver

jo = energy value per ton of the fuel shipped
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jt total energy per ton-mile for the transport system

T

number of tons of fuel shipped
D = distance fuel is shipped

The concept of net energy outlined above is closely related to Lotka's
maximum energy principle since minimizing the energy invested per unit
of energy delivered for transportation allows more energy to be invested
in other sectors of the economy for the creation of economic value. In
essence, maximizing the net energy of transportation helps to maximize
the net energy to society as a whole. This seems to correspond to
maximizing net benefits in economic benefit/cost analysis but with the
inclusion of natural energies.

When considering the transport of fuels it is of interest to calculate
the energy transported per unit of energy cost. This ratio is referred
to as the energy yield ratio and is defined as
_ Energy Delivered

Energy Cost to Deljver

Energy Yield Ratio

l

A consideration of the energy value of goods can also lead to interesting
import-export considerations. For example, trading American wheat for
Russian o0il could be looked at in terms of the energy required to produce
and transport the wheat as compared to the energy value of the petroleum
exchanged. If the value of the petroleum is greater than the energy cost
of the wheat, then the result is a net energy growth to the economy.

Odum et al. (1976) has calculated that the trading of wheat for petroleum
has a yield approximately of five for the U.S. That is, the energy cost
related to the wheat is five times less than the energy value of the
imported petroleum.

Spatial Energy Theory for Determining the

Competitive Position of a Fuel Source

Other sections have detailed methods and calculations for determining the
total energy input required, both direct and indirect, for a given
transportation system. In particular, if a transport system is carrying
a fuel (e.g., 0il or coal), then the energy required to transport a unit
of energy can be calculated and a quantity called the '"'met energy of
transport" can be defined as the energy transported minus the energy
required for transport. A transportation planner or analyst could then
use a net energy criteria to choose a transport system which delivers the
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greatest energy per unit invested. However, transportation planning and
analysis is not restricted solely to the transport system, but also should
include the effects and interactions that occur at the supply center,
demand center, and along the transportation right of way. This is
discussed in detail in section IV on the Northern Great Plains. The
concept of net energy can be extended beyond the transportation system

as illustrated in Fig. 6 in order to define parameters which might be
useful for national planning of energy development and transportation
systems.

Consider Fig. 6 which illustrates the combination of two sectors involved
in the delivery of coal resources, namely, a mining sector and a trans-
portation system. In order to get the coal resource out of the ground,
energy 1nvestment in the form of capital investment and maintenance (JZ Y
labor (J ), andfuels (J3) is required. Associated with the mining is

a loss o% natural energies (J;) which might consist of losses associated
with photosynthetic production, wildlife, geological structure, etc.,
while Jo represents losses due to effects on other economically productive
systems (e.g., agriculture). For the mining sector at steady-state, the
input of capital investment and maintenance plus labor (J2 1 ) would
equal the depreciation, J,. The energy cost of mining an amount of coal
Jq is Qq = (J0+J +J2+J3), so that the net energy of mining is J4—Q1. The
required energy investment per unit of coal energy mined is a function of
the depth and quality (BTU's/1b) of the coal. Deeper coal requires more
fuel and equipment to mine, whereas low quality coal requires more tons

to be mined for a given energy output. The ratio of energy output to
energy investment, J /Ql, is sketched in Fig. 6 to show its probable
relationship as a function of coal depth and quality.

Associated with any mining operation will be a transport system for
distribution of the resource. As discussed in previous sections and as
outlined in Fig. 6, there is an energy cost associated with the transport
system equal to Q +J +J It is assumed that these costs also include
those associated with ioaging and unloading the coal. If it is assumed
that there are no coal losses, then the ratio of coal energy transported,
J8 = J4, to the energy cost of transport, Qp, is JA/QZ' This ratio will
decrease with increasing distance of transport, D, as“is illustrated in
Fig. 6. This functional relationship will differ for different transport
systems. If the total cost of both mining and transport is considered,

then the overall cost is (Q1 + Q;), the net energy is J, - (Q] + Q7), and the
yield ratio of energy delivered fo energy cost is Y = J,/(Q; + Qp).

As outlined in the previous paragraphs, the yield ratio, Y, will be a
function of the type of coal mine, the transportation system, and the
distance transported. This ratio may be useful for making decisions about
national energy policy since it is a measure of the energy cost of
delivering a given type of energy. Figure 7 depicts three sources of

coal at points A, B, and C (e.g., these might represent three coal mines
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or coal mining regions in the U.S.). Following from the discussion in
previous paragraphs, the energy cost of mining and transport could be
calculated and contours of constant yield ratio, Y, calculated for each
energy source (see Fig. 6 and previous paragraph for the definition of
yield ratio). The transport of a unit of energy from a source might in-
volve more than one kind of transport mode: the energy cost of each mode
per unit of energy shipped would need to be determined. As depicted in
Fig. 7 there will exist trajectories along which the yield ratio for two
sources will be equal, e.g. Y, = Ye- Coal delivered from the source, C,
to any point between C and thés trajectory will have a higher yield ratio
than coal originating from source B. It could be said that source C is
energetically more competitive in this region than source B because it
costs less energy per unit of energy output. It should be remembered that
the energy cost in this analysis includes natural energy losses; thus an
economic analysis which predicted competition based on price would arrive
at different results unless an accurate economic value were placed on
natural system losses. Maps such as Fig. 7 could be constructed for
domestic sources of coal, oil, and natural gas for different types of
transport systems. Combining these graphs could define regions of maximum
energy yield for each energy source.

This type of analysis could be extended to non-energy sources, e.g., steel.
In this case the fossil fuel and natural energy losses associated with
producing a unit of steel would have to be determined along with the energy
transport costs. Contours of constant energy cost could be constructed
around each source which would indicate the total energy cost of delivering
a unit of steel. Regions of energetic competitiveness could be determined.

Energy Theory and Transportation Models

This section presents a brief overview of how energetic considerations
might be used to modify transportation models currently used.

1. Network analysis is used extensively for studying the spatial prop-
erties of transportation systems with measures of connectivity, redundancy,
etc. However, trying to predict how transportation linkages may in-
crease or contract spatially in response to available fuels would con-
stitute a viable research problem. This kind of approach might be
especially important to developing countries and the U.S. as energy
sources change.

2. The gravity model is one of the most common formuations for pre-
dicting traffic flows between traffic generators. In analogy to Newton's
law of gravitation its form is:

1 - P (Pin)
ij (dij)

where lij = number of interactions between regions i and j
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F = empirical constant

P

[}

some measure of the size or mass

d,., = distance
ij
For example, for given sizes of two cities, P, and P;, and distance be-
tween them, the flow (1i') could be measured and the empirical constant
determined. Future traftic could then be predicted on the basis of
changes in size of the cities. This model does not take into account
the availability of fuel; the cities could change in size but the flow

decrease because of reductions in available fuel. Perhaps the above

equation could be modified as follows:

b BB b

ij m 1]
(45
J

where E; and Ej would represent energy available to transportation.

There is work here for fruitful research. Research on the role of
transportation systems in maintaining high energy systems has been con-
ducted by Walker (1976).

Integration of the 1INSA Program with Energetic Analysis

The ultimate aim of the Inland Waterway Navigation System Analysis (INSA)
Program is to maximize the efficiency of the waterway system through
predictive commodity flow models. Included in this system's program is
a complete waterway monitoring system, an information system on boat
traffic, and a file of cost/hour for different types of towboats and
barge. Knowing or assuming a given set of demands, the inter-industry,
inter-regional commodity flow models can predict the traffic flow, delay
times, bottlenecks, and cost for alternative transportation modes from

a modal split analysis. These include several parameters such as
ton-miles moved, direct fuel consumed, capital costs of replacement,

and operating and maintenance costs. Based on the traffic patterns,
delay times, and bottlenecks generated by the model, improvements to the
waterway system can be recommended.

Predicting the operation and maintenance costs, new capital investment
and ton-miles transported is the first step toward completing a total
energy analysis of a transportation system.

Figure 8 concisely summarizes how these system approaches might fit
together for completing an energetic analysis of the barge transportation
system. This diagram illustrates that once the detailed investments

and costs are determined from the INSA model, then a total energy
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analysis could be conducted to determine the total support energy per
ton-mile required for a given level of demand. The information arising
from the energetic analysis, along with comparisons with other forms

of transport, might act as a feedback to influence demand. This is
depicted by the dotted lines in Fig. 8.

The INSA model seems to be a very sophisticated traffic flow model.
However, it does not now include environmental and natural energy con-
siderations nor the regional effects of increased traffic flow. 1In
order to forecast supply demand trends the INSA model could be inter-
faced with a U.S. and world energy model, as an alternative to relying
on OBERS projections.

B. Comparison of Economic and Energetic
Benefit/Cost Analysis as Applied to Transportation Systems

This section outlines the basic approach of economic benefit/cost
analysis as applied to the proposed Locks and Dam No. 26, i.e., economic
benefit/cost analysis as applied to a transportation or navigation
project. This approach is compared to the alternative of using energy
analysis to define energy criteria for making decisions about proposed
projects. Two “cvels of analysis will be referred to during the
following discussion and can be identified as project analysis and
program analysis. Project analysis will refer to an individual project,
such as the proposed Locks and Dam 26, for which the costs and benefits
directly associated with that project are the subject of analysis.
Program analysis refers to a larger scale of analysis, perhaps the whole
Mississippi River or a large region of the U.S. Project analysis can
easily merge into program analysis if the effects of a given project on
the next larger system are considered.

Basically, both an economic analysis and energetic analysis consist of

the following basic three considerations. Cne, assess the need for a
particular project. In the case of a navig:ition system a predicticn of
future commodigy flows would be necessary. Two, propose alternative
project solutions to meet the need out . :ned in step one. Three, assess

or evaluate the several alternative projects based on criteria derived
from economic or energetic concepts and choose that project which best
meets these criteria. Although this approach sounds like a neat and
concise method the Corps does not make decisions based solely on economics.

These steps are outlined in more detail for economic and energy analysis
in the following paragraphs.
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Economic Analysis

An assessment of the need for a particular project can be based on
political or social concerns. In the case of the barge transportation
system, the need is predicted on the likely future traffic demand for
the system. Thus, the need is assessed by how accurately future demand
can be predicted. The analysis on Locks and Dam No. 26 was done by the
St. Louis District, Corps of Engineers. Low, medium, and high projec-
tions were made for many different commodities, but the assumption
underlying the projections is that per capita energy use is going to
increase at some percentage each year. Predictions of future economic
growth and the transport of commodities is based on OBERS study and
projections.

To meet the demand for projected future movement of barge traffic,
several alternative solutions for providing varying degrees of capacity
to Locks and Dam No. 26 were proposed by the St. Louis District Corps

of Engineers. These varied from no capacity improvements to a new dam
with increased capacity from the construction of two 1200-foot locks.

An evaluation of these proposed alternatives was then made in economic
terms using benefit/cost analysis. The first step is a definition of the
benefits. For a project of regional nature the benefits might be
defined as the income generated in the region as a result of the project.
For a barge navigation project the benefits were computed by taking the
rate differential (after suitable adjustment for inventory and delay
costs) between shipments by water and the least costly alternative and
applying this differential to the expected traffic levels utilizing the
project. This is a benefit if there is a savings in transportation costs
meaning lower prices for consumers. Benefits are calculated for each
year of the life of the project, and these benefits discounted to

present worth with a discount factor of 5 7/8%. Although the discount
rate is set by Congress there is much debate as to what the value should
be (Kelso, 1964; Haveman, 1965).

A small variation in the discount rate, especially for a long project
life, can change the present worth of benefits significantly. The con-
cept of discounting implies that money in the future is worth less than
money in the present. This concept may need to be changed under a
no-growth or steady state economy. The existence of limited resources
may make the economic value of these resources more important in the
future.

Other benefits attributed to the Locks and Dam No. 26 project included
redevelopment benefits, attributed to increased employment in the local
area, and the cstimated annual recreation benefit in the area. The annual
benefits for the project are discounted to present worth with the
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follwing formula:

PVB = N<___Bi

i=o (l+r)1
N = lifetime of project
r = discount rate

B; = benefits in ith year
PVB = present value of benefits

An annual cost for construction is calculated based on the initial cost
and the life of the project. Annual operation and maintenance costs are
added to this to obtain a total annual cost for the project in present
worth dollars. A benefit/cost ratio is then obtained by dividing the
annual transport benefits by the net annual cost. The net annual
benefits can be calculated by subtracting the annual costs from the
annual transport benefits.

The effects of a project on the environment or the natural systems is
usually described in terms of physical effects, but a dollar value for
environmental destruction is not usually assigned because of the
difficulty of assigning economic value to natural system energies (this
is discussed in section I.) This environmental damage is a definite
cost, especially in the long run, a cost which perhaps should be given
more value in the future and assigned a negative discount rate.

In the Locks and Dam No. 26 report an attempt was made to assess the
socio-economic impact. An attempt was also made to predict the beneficial
and adverse impacts on the immediate planning area and on the nation as a
whole because of "multiplier'" effects in the economy. However, no
attempt was made to assess future impacts on the Mississippi River as a
whole especially with regards to maintaining the river or the costs of
deepening the river to a depth of 12 feet.

It is always difficult to determine the boundaries of a problem and how
to account for secondary and feedback effects. For example, if the
construction of Locks and Dam No. 26 does lead to a drastic change in
the river because of dredging a 12 foot channel, there is the

question if this project should be charged with environmental costs and
energy costs of dredging. This is the problem with incremental analysis;
that is, the consideration of one project at a time without calculations
of the cumulactive effects at the larger system level.
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Energetic Analysis

As in the economic approach, in energetic analysis the identification of
a need for a given project may be based on many considerations. How-
ever, from an energy viewpoint the anticipated need for a project would
be based on energy criteria. For ecample, a good case can be made that
the production of economic value is based on available energy, as
described in detail in section II-A. Future economic growth can be
predicted based on anticipated growth of energy consumption. Once some
kind of future predictions are put forth then alternative projects can
be proposed and evaluated.

As explained in section II-A, a total energy analysis can be performed
for a given project to estimate the energy requirements of labor, goods,
fuels, and natural energy disruption. These could be approximated on

a yearly basis per ton-mile, and called energy/ton-mile, e;. Likewise,
the total direct and indirect energy required for the barge companies
and Corps of Engineers per ton-mile can be estimated based on yearly
requirements of labor, goods, and fuels, and likewise called energy/ton-
mile, e,. The total energy/ton-mile would then be e; + ey = e3. Multi-
plying e3 by the ton-miles shipped in a given year gives the energy
required in that year. A similar calculation for an alternative trans-
port such as rail would also produce an energy expenditure for the ship-
ment of the same amount of goods. If the barge system used less energy,
then there would be an energy savings in that year. This energy savings
could presumably be used in some other part of the economy to increase
economic value. An energy benefit/cost ratio for the project would be
the average annual energy savings divided by the average annual energy
cost of the project.

Minimizing the energy costs of transport maximizes the energy available
to the general economy for the creation of economic value. This seems
to be related to the maximum power principle discussed in section II-A.
This maximum energy principle can also be used to evaluate the regional
impacts of alternative projects by choosing that project which maximizes
the total energy flow in the region and minimizes economic waste. Just
as with economic analysis the defining of a region associated with a
given project is rather arbitrary. However, choosing a region may be
justified on political or economic cohesiveness. Since the total energy
of a region is made up of both fossil fuel and natural energies, any
development which takes place will affect both these energies. The
system which maximizes the sum of these two energies should be the one
which out-competes alternative ones. The situation of a transportation
project and its associated region is diagrammed in Fig. 9. The transport
system is shown to affect both fossil fuels going into a region and the
natural energies of a region. Maximizing the energy flow to the region,
J2+J3, while minimizing the energy required per unit of transport, J;,
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are criteria which would maximize total energy and economic value.

In determining the value to the nation of a project such as Locks and
Dam No. 26, energy value of imports and exports should be considered.
As discussed in section II-A, if the energy value of imports is greater
than that of exports, then a net energy value is flowing into the
country. The trading of wheat for fuels is one example. How much
energy value, if any, does this add to the regional or U.S. economy?
(See page 28)

Analytical Comparison of Economic and Energetic Benefit/Cost Analysis

For economic analysis the present value of benefits and costs is cal-
culated as follows:

N 0,
pvC = bl R
i= i
120 (1+r)
N B
pvB = & =
i= i
ol (1+r)
pvC = present value of total cost of a project
pvB = present value of total benefits of a project

Oi = annual operation, maintenance, and replacement costs
N = life of project in years

r = discount rate

Bi = annual benefits

K = initial construction cost

For a transportation project the benefits are defined as the savings in
costs for shipping compared to the least costly alternative. Thus,

Bi = (Sli_SZi) s T, 20 = ASi x T, x M.

i i J

Sli = rate per ton-mile in ith year, for next least costly alternative
transportation mode.

S;4 = rate per ton-mile in ith year for transport system being

evaluated
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tons shipped in i  year

th

M total shipping distances in i year

3§
ASi = rate differential in ith year

For simplicity, if it is assumed that costs, benefits, and rates remain

the same in each year, then

0. 0 costs per year

i
Bi =B =AS x T x M = annual benefits
then
pvC = 0 x ——JL——T + K
i=o  (14r)
N N
po=Bxf 1 =ASxTxMx{ 11
i=o (14r)? i=o (1+r)
The yearly net economic benefits are then
B C 1 0 : K
P B e e M D e K
N N N N° 1=o0 (l+r)1 N

An energy analysis determines the benefits and costs with the following
formulas

N
pVE=£ E . +E +E
fag oi k n

se. x I x M
Al i i

i

N
pVE_ = i i
B =0 Bi i

vaC =.present value of energy costs

pvER = present values of energy benefits or savings

Eoi = annual operation, maintenance and replacement costs
Ek = energy cost of initial construction
E_ = natural energy losses due to natural system destruction

vaB = present value of energy savings
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annual energy savings

Epi

Aei = difference in fuel consumption for next least costly transport
mode and system under study per ton-mile for ith year
. .th
T; = tons shipped in j year
Mi = total shipping distances in ith year

where all energies are expressed in fossil fuel equivalents. For
simplicity assume that annual values are constant so that

|
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and the net annual savings are
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Now, if these energy values must be obtained from economic data and con-
verted to energy data, the general formula for costs and benefits will
be
N
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where Roi = energy/dollar ratio for operation and maintenance in
: L
it year

Rk = energy/dollar ratio for construction

Ry; = energy/dollar ratio for general economy
As explained in section II-A the energy/dollar ratios are decreasing
with time, while annual operating expenses are increasing because of
inflation. There is evidence that the general energy to dollar ratio is
decreasing at the same rate as inflation is increasing. The energetic
analysis differs from the dollar analysis in three ways:

1) It is not known whether energy should be discounted and, if so, at
what rate.
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2) The energy/dollar ratios are different depending on the dollar flow
under consideration (e.g., Roi # Rsi)'

3) The inclusion of natural energies, E,, in the energy analysis differs
from the economic approach.

I1f it is assumed that the energy/dollar ratios are declining at the same
rate as inflation, then

2 Lo
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where R . is the energy/dollar ratio in the base year and d is the
inflation rate. Furthermore, assume that all the energy/dollar ratios
are the same so that

and that the annual costs are constant so that the equations for energy
costs and benefits can be written as
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